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We find a simple solution to the problem of probe laser light shifts in two-photon optical atomic
clocks. We show that there exists a magic polarization at which the light shifts of the two atomic
states involved in the clock transition are identical. We calculate the differential polarizability as a
function of laser polarization for two-photon optical clocks based on neutral calcium and strontium,
estimate the magic polarization angle for these clocks, and determine the extent to which probe
laser light shifts can be suppressed. We show that the light shift and the two-photon excitation rate
can be independently controlled using the probe laser polarization.
Optical clocks have reached an unprecedented level of
accuracy, approaching fractional uncertainties of 10−18
[1–8]. These clocks offer powerful tools for precision mea-
surements and tests of fundamental physics [9, 10], such
as searches for dark matter and dark energy [11], or low-
frequency gravitational wave detection [12–14]. Optical
clocks can be used for geodetic surveys of the earth’s
gravitational potential [8, 15, 16]. Atomic clocks are also
an essential component of the new SI system of units,
where the measurement of almost every physical quan-
tity is ultimately related to the accurate measurement
of frequency [17, 18]. It is widely expected that the SI
second will soon be redefined in terms of optical atomic
clocks [19].
Careful control of systematic errors is necessary to
achieve such high levels of accuracy. An important and
generic systematic in optical clocks is the light shift –
a shift in the resonance frequency of the atoms due to
off-resonant light. For example, one source of light shifts
in optical lattice atomic clocks is the lattice laser which
must remain on during the measurement. These shifts
are usually controlled by choosing a “magic wavelength”
for which the light shifts of the clock ground and excited
states are equal [20]. This ensures that the relative en-
ergy difference between the two levels is unaffected by the
optical lattice, therefore making the clock less sensitive
to fluctuations in laser intensity.
In addition to light shifts from trapping lasers, many
optical clocks suffer from light shifts due to the probe
laser itself to some extent, because they rely on forbid-
den atomic transitions. This necessitates careful sta-
bilization of the probe laser intensity, or sophisticated
measurement protocols such as hyper-Ramsey schemes
[5, 21–23], autobalanced Ramsey spectroscopy [24], or
displaced frequency-jump Ramsey spectroscopy [25] in
order to suppress the probe laser light shift. Here we con-
sider two-photon optical clocks [26]. Two-photon clocks
using rubidium [27–33], xenon [34, 35] and silver [36, 37]
have been successfully operated, and clocks using cal-
cium [12, 26], and strontium [26, 38] have been proposed.
Two-photon optical transitions can be driven using two
counter-propagating laser beams at the same frequency,
which makes the interrogation of the clock transition in-
sensitive to first-order Doppler shifts and photon recoil
shifts [26]. This offers an attractive path to a compact,
field-portable optical clock that does not require strong
cooling and confinement in a lattice, and therefore has
a simplified architecture. However, the systematic fre-
quency shifts in such clocks are dominated by the light
shift due to the probe laser, because of the relatively
large laser intensities that are needed to drive the transi-
tion (cf. [32, 33, 39, 40]). Here we show that light shifts
due to the probe laser in two-photon optical clocks can
be nulled using a specific choice of the laser polarization,
removing one of the main obstacles to achieving high ac-
curacy with these clocks.
The term “magic polarization” has been used in the
context of reducing line broadening and increasing co-
herence times of hyperfine transitions in alkali atoms
[41], and improving the efficiency of Doppler cooling of
a trapped gas [42]. It has also been shown that the de-
gree of circular polarization can be used to mitigate the
effects of differential hyperpolarizability in optical lattice
clocks [43]. Here we use “magic polarization” to refer to
a particular polarization angle of the probe laser light for
which the differential dynamic polarizability of the two
clock states is zero. We find this magic polarization for
calcium and strontium two-photon optical clocks by cal-
culating the dynamic polarizabilities of the clock states.
We show that the probe laser light shifts can be strongly
suppressed, and the fractional frequency uncertainty due
to the light shift reduced below 10−18, using a robust
method that is simple to implement.
The light shift of an atomic energy level due to the
electric dipole (E1) interaction is ∆Ek = − 12αk(ω)E2,
where αk is the dynamic polarizability of the atomic state
|k〉, E is the electric field amplitude and ω is the frequency
of the electric field. The polarizability αk(ω) depends on
both the frequency and the polarization of the electric
field. The polarizability of a state k can be calculated to
leading order in perturbation theory as
αk(ω) =
∑
j
| 〈j|D|k〉 |2
Ej − Ek − ~ω +
∑
j
| 〈j|D|k〉 |2
Ej − Ek + ~ω (1)
where D is the E1 interaction operator ~d · ~E and Ek, Ej
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2represent the unperturbed energies of states |k〉 , |j〉 re-
spectively. The electric dipole operator ~d is a linear com-
bination of three rank-1 spherical tensor operators dq
(q = 0,±1), with relative coefficients depending on the
laser polarization.
In all the calculations, the quantization axis was as-
sumed to be defined by a small magnetic field in the zˆ
direction, and the probe laser was considered to prop-
agate along the yˆ direction. We write the electric field
as ~E = E0
(
cos θ zˆ + eiφ sin θ xˆ
)
, which defines the polar-
ization angles θ, φ. The E1 operator is therefore D =
E0
(
cos θd0 − 1√2eiφ sin θd1 + 1√2eiφ sin θd−1
)
. The light
shift for the clock transition is δωLS = − 12 ∆αeg E20/~,
where ∆αeg(ω0) = αe(ω0)−αg(ω0) is the differential po-
larizability between the ground and excited clock states,
and ω0 is the frequency of the probe laser.
The matrix elements in Eq. (1) can be calculated from
the reduced matrix elements 〈Jk||D||Ji〉, which can in
turn be related to experimentally determined oscillator
strengths fik using the relation [44]
gf = (2Ji + 1)fik =
2
3
meωik
~
〈i||D||k〉2
e2
,
where gf is the symmetric oscillator strength, fik is
the non-symmetric oscillator strength, and ωik = (Ek −
Ei)/~.
Energy levels and oscillator strengths for transitions
relevant to the calculation of dynamic polarizabilities are
available both from experimental data and ab initio the-
oretical calculations. In calculating the clock state po-
larizabilities for rubidium, calcium, and strontium two-
photon optical clocks, energies and oscillator strengths
from the NIST Atomic Spectra Database [45] and other
published sources [46–50] were used.
The energy level differences in these atoms are known
to better than 10−5, and therefore do not contribute
significantly to the uncertainty in the polarizability.
The uncertainty is instead dominated by the oscillator
strengths. The sum in Eq. (1) is usually well approxi-
mated by only a handful of terms that represent atomic
levels |i〉 which couple strongly to the state |k〉 and are
close in energy. We found that including more than ∼10
leading terms to the sum in Eq. (1) only changed the
polarizability by ∼ 0.1%. To estimate the accuracy of
the oscillator strengths used as inputs for our magic po-
larization calculations, we compared the polarizabilities
of some reference states against previously published re-
sults, as summarized in Table I. For all of these cases,
our calculations reproduced the published values reason-
ably well, indicating that the oscillator strengths of the
important transitions are accurate to better than 10%.
The atomic level structures relevant to two-photon op-
tical clocks in neutral calcium and strontium are shown
in Fig. 1. The strong dipole-allowed 1S0 − 1P1 cycling
transitions are convenient for laser cooling the atoms,
λ [nm] Level Polarizability [a.u.]
This work Other results
∞ Ca 4s2 1S0 154.7 163.0a 168.7(16.9) b
∞ Sr 5s2 1S0 201.6 192.5c, 197.2d
813.4 Sr 5s2 1S0 295.6 278.1
c, 286.0d
TABLE I. Calculated polarizabilities (in atomic units), for se-
lected levels in calcium and strontium, that are used to bench-
mark the input data for the light shift and magic polarization
calculations. All calculations are for mJ = 0 sublevels. Our
calculations agree with published values to better than 10%
(aRef. [51], bRef. [52], cRef. [47], dRef. [53]).
423 nm
915 nm
461 nm
993 nm
40Ca 88Sr
(a) (b)
FIG. 1. Level structures of (a) 40Ca and (b) 88Sr. The main
cooling line for calcium (strontium) atoms is the 1S0 − 1P1
cycling transition at 423 nm (461 nm), and the 1S0 − 1D2
clock transition involves two photons at 915 nm (993 nm).
in order to increase the interrogation time and reduce
the second-order Doppler shift [12, 26]. The two-photon
clock states are the ground 1S0 state and the excited
1D2,mJ = 0 state. The transition between these states is
insensitive to the first-order Zeeman shift. The 1S0−1D2
two-photon clock transition is probed using two laser
beams with identical frequencies, but oppositely directed
wavevectors. The ground and excited clock states are
hereafter denoted as |g〉 and |e〉.
The dynamic polarizabilities calculated for calcium
and strontium, in atomic units, as a function of ω are
shown in Fig. 2. (In atomic units, a polarizability of 1
is equal to 4pi0a
3
0, where 0 is the permittivity of free
space and a0 is the Bohr radius.) At the clock transition
frequency, the differential polarizability between |g〉 and
|e〉 (which is proportional to the light shift of the clock
transition) is shown as a function of probe laser linear
polarization angle in Fig. 4. Both calcium and stron-
tium two-photon clocks possess a magic polarization at
which the differential polarizability is zero. This feature
is generic, and we verified that the existence of a magic
polarization angle is not affected by ±10% changes in a
number of oscillator strength values.
The existence of a magic polarization in calcium and
strontium is related to the light shift of |e〉. (The po-
larizability of |g〉 is independent of the polarization an-
gle, and has positive sign at the two-photon clock transi-
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FIG. 2. Dynamic polarizabilities of (a) strontium and (b) cal-
cium two-photon clock states at the magic polarization angle
θ0. The vertical dotted grey line indicates the frequency of
the clock transition, at which the polarizabilities of the ground
and excited states can be made equal.
tion frequency, which decreases the energy of the ground
state for increasing laser intensity.) The two odd-parity
states closest in energy to |e〉 are the 4s4p (5s5p) 1P o1
and 3d4p (4d5p) 1Do2 states in calcium (strontium). For
x-polarization, the probe laser is red-detuned on the
1D2,mJ = 0 ↔ 1Do2,mJ = ±1 transition, resulting in a
large positive polarizability for |e〉 which exceeds the po-
larizability of |g〉. For z-polarization,the 1D2,mJ = 0↔
1Do2,mJ = 0 transition does not contribute to the po-
larizability due to angular momentum conservation. The
light shift for z-polarization is therefore determined by
the 4s4p (5s5p) 1P o1 state on which the probe laser is
blue-detuned which results in a negative polarizability
for |e〉. Between pure z- and pure x-polarization there-
fore, there is generically a magic polarization angle θ0 at
which the ground and excited clock states have identical
light shifts. Therefore the exact value of the magic an-
gle may be affected by uncertainties in our calculations
as described above, or higher-order O(E4) corrections to
the polarizabilities, but the existence of a magic angle is
a robust result.
(In passing, we note that we also performed calcula-
tions for rubidium two-photon clocks operating on the
778 nm 5S1/2 − 5D3/2,5/2 clock transitions, but did not
find a magic polarization angle for degenerate two-photon
excitation. This is related to the fact that the two-photon
clock frequency happens to be very close to the strongly
allowed 5S1/2 − 5P3/2 transition at 780 nm. Therefore
the polarizability of the ground state is so large that it
entirely dominates the differential polarizability for all
polarizations of the probe laser.)
For the case considered here, where the clock laser
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FIG. 3. Differential polarizability between the clock states in
atomic units for (a) calcium and (b) strontium, plotted on the
Poincare´ sphere. On the sphere, the polarizability is cylindri-
cally symmetric around the axis connecting x-polarization to
z-polarization. The magic polarization angle corresponds to
the band with zero differential polarizability.
FIG. 4. Light shifts for calcium and strontium due to the
probe laser at two-photon resonance, as a function of linear
polarization angle. θ = 0◦ denotes z-polarized light, θ = 90◦
denotes x-polarized light.
propagates perpendicular to the quantization axis, the
differential polarizability does not depend on the elliptic-
ity of the probe laser polarization. As a result the magic
polarization angle is robust against any phase differences
between the xˆ and zˆ components of the laser polariza-
tion, such as might be accrued in propagation through
birefringent optical components (e.g., stressed vacuum
viewports). This fact is evident in Fig. 3, where the dif-
ferential polarizability plotted on the Poincare´ sphere is
seen to be independent of φ.
For both calcium and strontium the light shift in
the vicinity of the magic polarization angle, θ0, is
δωLS ≈ κ(θ − θ0), with the shift coefficient κ ≈ -30
Hz/(W/cm2)/rad. From Fig. 5, typical probe laser in-
tensities for the calcium and strontium two-photon tran-
sitions are expected to be ∼ 1 W/cm2. With its polariza-
tion set to within 1 mrad of θ0 over the atomic ensemble
(easily accomplished with standard optical components),
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FIG. 5. Two-photon Rabi frequencies for strontium and cal-
cium clock transitions as a function of probe laser polarization
angle. Rabi frequencies are shown for three values of the an-
gle φ, the phase difference between xˆ and zˆ components which
describes the degree of circular polarization. The plot shows
|Ω|2 normalized to its value at θ = 0. The value of Ω0 =
4.85 (22.1) Hz/(W/cm2) for calcium (strontium). The magic
polarizations for calcium and strontium are indicated with a
dashed vertical line.
it is sufficient to stabilize the probe laser intensity to
just 1% to ensure that the systematic error due to the
light shift is below 10−18. Probing the transition with a
magic polarized laser effectively suppresses the light shift
by over 2 orders of magnitude, and eliminates one of the
main sources of inaccuracy in two-photon optical clocks
based on alkaline-earth atoms.
The choice of laser polarization also affects the
two-photon Rabi frequency Ω and the excitation rate
∝ |Ω|2. The two-photon Rabi frequency is ~Ω =∑
k
〈e|D|k〉〈k|D|g〉
~ω0−Ek . The value of Ω was numerically cal-
culated for the calcium and strontium two-photon tran-
sitions using the same set of oscillator strengths used for
the polarizability calculations. The calculated depen-
dence of the Rabi frequency on the probe laser polar-
ization is shown in Fig. 5. An analytical expression that
accurately predicts the θ and φ dependence of the Rabi
frequency is derived in the appendix. Intuitively, the de-
pendence of Ω on laser polarization can be understood as
follows: the amplitude for the two-photon transition from
1S0,mJ = 0→ 1D2,mJ = 0 is a sum of three interfering
amplitudes, for excitation via intermediate m′J = 0,±1
states. The relative amplitudes and phases of these three
terms are set by θ and φ. At θ = arccos
(
1√
3
)
, φ = 0
there is complete destructive interference between these
three excitation pathways and the Rabi frequency goes to
zero (see Section A1 in the Appendix). However, adding
a phase difference φ between the xˆ and zˆ components
of the electric field, destroys this perfect cancellation be-
tween amplitudes and prevents the Rabi frequency from
becoming zero for any value of θ. As this phase shift does
not affect the differential polarizability between the clock
states (see Fig. 3), the Rabi frequency for the transition
can be tuned independently from the magic polarization
and optimized as required. For example, controlling φ al-
lows the strontium two-photon transition to have a large
Rabi frequency despite the closeness of its magic polar-
ization angle to the interference minimum at ≈ 55◦, as
shown in Fig. 5.
In summary, we have described a magic polarization
scheme for radically suppressing probe laser light shifts
in two-photon optical clocks. Setting the probe laser to a
magic polarization angle is sufficient to eliminate system-
atic errors due to light shifts in calcium and strontium
two-photon clocks, opening up a path to compact and
portable optical clocks based on simple two-photon tran-
sitions. Controlling polarizations to cancel light shifts
may also be a useful method for other precision measure-
ments on highly forbidden atomic and molecular transi-
tions.
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APPENDIX A: POLARIZATION DEPENDENCE OF THE TWO-PHOTON RABI FREQUENCY
The two-photon Rabi frequency is
~Ω =
∑
k
〈e|D|k〉 〈k|D|g〉
~ω0 − Ek , (2)
6with the summation extending over intermediate states that are connected to the |g〉 and |e〉 states. The E1 Hamil-
tonian is
D = E0
(
cos θ d0 − 1√
2
sin θeiφd1 +
1√
2
sin θeiφd−1
)
, (3)
where E0 is the laser electric field amplitude, dq(q = 0,±1) are the spherical components of the dipole moment
operator, and the polarization angles θ, φ are defined in the main text.
Using the Wigner-Eckart theorem, matrix elements of the spherical components of the dipole moment can be written
as
〈Jk,mk|dq|Ji,mi〉 = (−1)Jk−mk
(
Jk 1 Ji
−mk q mi
)
〈Jk||d||Ji〉 . (4)
The state |g〉 has J = 0,m = 0 and the state |e〉 has J = 2,m = 0.
Only three sets of matrix elements between these states and intermediate states result in non-zero contributions to
the sum:
〈2, 0|d0|1, 0〉 〈1, 0|d0|0, 0〉 = 2√
30
1√
3
〈Jf ||d||Jk〉 〈Jk||d||Ji〉 , (5)
〈2, 0|d1|1,−1〉 〈1, 1|d−1|0, 0〉 = 1√
30
1√
3
eiφ 〈Jf ||d||Jk〉 〈Jk||d||Ji〉 , (6)
〈2, 0|d−1|1, 1〉 〈1,−1|d1|0, 0〉 = 1√
30
1√
3
eiφ 〈Jf ||d||Jk〉 〈Jk||d||Ji〉 . (7)
All three of these pairs enter the Rabi frequency with the same energy denominator. Therefore
〈e|D|k〉 〈k|D|g〉 = E20
1√
30
1√
3
〈Jf ||d||Jk〉 〈Jk||d||Ji〉
[
2 cos2 θ − 2
(
1√
2
sin θ eiφ
)2]
(8)
∝ 〈Jf ||d||Jk〉 〈Jk||d||Ji〉
(
2 cos2 θ − sin2 θ e2iφ) , (9)
and the two-photon Rabi frequency is
~Ω ∝ (2 cos2 θ − sin2 θe2iφ)∑
k
〈Jf ||d||Jk〉 〈Jk||d||Ji〉
~ω0 − Ek . (10)
For φ = 0 (pure linear polarization), the Rabi frequency Ω goes to zero when cos2 θ = 13 , as shown in Fig. 5. For
other values of φ, the magnitude of Ω does not become zero for any value of θ.
